Hantaviruses infection causing severe emerging diseases with high mortality rates in humans has become public health concern globally. The potential roles of CD4 + T cells in viral control have been extensively studied. However, the contribution of CD4 + T cells to the host response against Hantaan virus (HTNV) infection remains unclear. Here, based on the T-cell epitopes mapped on HTNV glycoprotein, we studied the effects and characteristics of CD4 + T-cell responses in determining the outcome of hemorrhagic fever with renal syndrome. A total of 79 novel 15-mer T-cell epitopes on the HTNV glycoprotein were identified, among which 20 peptides were dominant target epitopes. Importantly, we showed the presence of both effective The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
T cells to the host response against Hantaan virus (HTNV) infection remains unclear. Here, based on the T-cell epitopes mapped on HTNV glycoprotein, we studied the effects and characteristics of CD4 + T-cell responses in determining the outcome of hemorrhagic fever with renal syndrome. A total of 79 novel 15-mer T-cell epitopes on the HTNV glycoprotein were identified, among which 20 peptides were dominant target epitopes. Importantly, we showed the presence of both effective Th1 responses with polyfunctional cytokine secretion and ThGranzyme B + cell responses with cytotoxic mediators production against HTNV infection. The HTNV glycoprotein-specific CD4 + T-cell responses inversely correlated with the plasma HTNV RNA load in patients. Individuals with milder disease outcomes showed broader epitopes targeted and stronger CD4 
Introduction
During the past decade, hantaviruses, belonging to the Bunyaviridae family, have gained worldwide attention as widespread emerging zoonotic pathogens [1] [2] . Two clinical conditions of human hantavirus infections have been recognized worldwide: 1) hemorrhagic fever with renal syndrome (HFRS) primarily reflecting infections with Hantaan virus (HTNV) in Asia, Dobrava and Puumala (PUUV) viruses in Europe, and Seoul virus worldwide [3] [4] and 2) hantavirus pulmonary syndrome (HPS) primarily reflecting infections with Sin Nombre (SNV) and Andes (ANDV) viruses in North and South America, respectively [5] . Globally hantaviruses might cause as many as 200,000 cases of human disease per year, of which more than a half of the disease cases are fulminant HFRS [6] . A total of 100,868 cases were reported during 2005-2012 in mainland China, where HFRS cases, primarily reflecting infections with the prototype member HTNV strain, account for 90% of the total global cases, with a case-fatality rate as high as 15% [7] [8] [9] . Moreover, the recent outbreak of HPS in Yosemite National Park in California, USA, showed a higher case-fatality rate of approximately 37%, thereby raising the concerns of the World Health Organization [10] . Because of the high morbidity and mortality, poorly understood disease pathogenesis, and potential use of pathogenic hantaviruses as weapons for bioterrorism, the Biological Weapons Convention has classified these viruses as Category pathogens; therefore, better understanding the immune mechanism against HTNV infection is of priority for global public health and safety.
The antigenicity of hantaviruses largely depends upon two structure proteins, nucleocapsid protein (NP) and envelope glycoprotein. HTNV-NP has been demonstrated to be highly immunogenic and conservative, inducing vigorous cellular and humoral immune responses in humans [11] . HTNV glycoprotein, heterodimers of mature glycoprotein Gn and Gc, is not only responsible for receptor binding and membrane fusion, but also considered as the main source of neutralizing antibody production [12] [13] . T-cell immunity is a critical factor for protection from virus infections in humans. The T-cell epitopes on NP of hantaviruses and associated immune responses have been well-characterized [14] [15] [16] [17] . We have previously identified eight novel HTNV-NP cytotoxic T cell (CTL) epitopes with different HLA restrictions [18] [19] and showed that HTNV-NP-specific T-cell responses might reduce the risk of progression to acute renal failure [18, 20] . Indeed, hantavirus Gn/Gc-specific T-cell responses have also been observed. Several CD8 + T-cell clones recognizing epitopes on Gn/Gc have been obtained from the blood of HFRS patients infected with PUUV, ANDV or SNV [14, [21] [22] [23] . Gn specific longlived effector memory T-cell responses might contribute to protective immunity in ANDV-infected patients [22] . Similarly, protective immunity elicited through infection with recombinant HTNV-Gn/Gc in murine models have also been demonstrated [24] . Therefore, hantavirus Gn/Gc could also serve as a potent immunogen that induces T-cell responses. However, the T-cell epitopes on HTNV-Gn/Gc have not been identified, and the specific responses to these immunogens remain largely unknown. Recent studies have demonstrated that CD4 + T cells are also essential for the effective clearance of viral infections [25] [26] . Virus-specific CD4 + T cells are important for initiating and maintaining immunity against most viruses through a variety of mechanisms. (1) The rapid production and secretion of cytokines from CD4 + T cells during a viral infection, which could induce an antiviral state in the host, indirectly priming the CD8 + T-cell response [27] and facilitating antigen-specific antibody production [28] . (2) Subsequently, CD4 + T cells are required to maintain and modulate effective CTL responses and neutralizing antibody [29] and develop long-term memory B and CD8 + T cells. (3) CD4 + T cells can also mediate direct cytotoxicity [29] [30] and recruit innate or antigen-specific effector cells to the site of viral replication [31] . Enhancement of antiviral immunity through cytotoxic CD4 + T cells has been proved [32] . The cytotoxic CD4 + CTLs may represent a distinct subset of effector cells defined by the absence of the master regulator ThPOK [33] . Despite the importance of CD4 + T cells during virus infection, CD4 + T-cell immunity towards hantaviruses remains limited. To date, little information regarding the CD4 + T-cell epitopes on the Gn/Gc of hantaviruses has been reported. Moreover, the role of CD4 + T cells in hantavirus clearance in humans remains unclear.
To investigate human CD4 + T-cell immunity to HTNV, the T-cell epitopes on HTNV-Gn/ Gc and the specific CD4 + T-cell responses were evaluated in a large cohort of HFRS patients from Chinese Han population. Herein, we found that HTNV-Gn/Gc could induce vigorous CD4 + T-cell responses characterized by a broad antigenic repertoire, enhanced expansion, polyfunctional cytokine secretion and functional phenotypes with both T helper 1 (Th1) and ThGranzyme B + (ThGzmB + ) cell effects. Importantly, HTNV-Gn/Gc-specific CD4 + T-cell responses were obviously associated with viral control and clinical outcome. Thus, this study is the first to reveal the properties of a primary, protective CD4 + T-cell immune response to HTNV infection in humans, providing a foundation for understanding host immune responses to HTNV infections.
Results

Distribution of T-cell epitopes and the pattern of T-cell reactivity across the HTNV glycoprotein
To examine the specific T-cell responses to HTNV-Gn/Gc in HFRS patients, we first screened the T-cell epitopes on HTNV-Gn/Gc. The majority of the participants in this cohort displayed reactive T-cell responses against HTNV-Gn/Gc. Notably, 73.7% (70/95) of the HFRS individuals were responders recognizing at least 1 peptide pool. Among the 70 participants displaying positive responses to HTNV-Gn/Gc, a median of 4 (range 1-11) target peptide pools were detected in each HFRS individual, with a median spot magnitude of 609 (range, 95-4,911) spotforming cells (SFC)/10 6 peripheral blood mononuclear cells (PBMCs) against total peptide pools. All peptide pools showed positive responses, among which four peptide pools (P5, P12, P21 and P25) were frequently detected in more than 30% of the subjects, and 7 peptide pools (P17 to P23) contained the most frequently identified HTNV-Gn/Gc reactive T-cell peptides eliciting the strongest responses (S1 Table) . Next, we analyzed the positive responses at the single peptide level to identify the T-cell epitopes on HTNV-Gn/Gc. Overall, the single peptidespecific T-cell responses were widely distributed across the primary structure of HTNV-Gn/ Gc. Approximately, 155 of the 281 peptides (55.2%) were recognized by at least one person, and among these, 20 peptides were frequently targeted as the immunodominant epitopes in more than 10% of HFRS individuals with diverse HLA backgrounds (Fig 1, Table 1 ). A median of 6 peptides (range, 1-25) were targeted in a single individual, and the strength of some individual epitope-specific responses reached 1,546 SFC/10 6 PBMCs. Moreover, to identify a more precise estimation of the epitope-specific T-cell responses, the distribution of ex vivo CD4 + and CD8 + T-cell epitopes across the HTNV-Gn/Gc was defined in 25 positive response HFRS patients with sufficient PBMC samples (Fig 2) . The detected responses to 28 15-mer peptides were entirely CD4 + T-cell dependent, indicating that these peptides were CD4 + T-cell epitopes on HTNV-Gc/Gc. Whereas, the CD8 + T-cell depletion completely abrogated the interferon (IFN) -γ responses in another 21 15-mer HTNV-Gc/Gc epitopes, confirming CD8 + T cells as the source of these epitope-specific responses, and these peptides might contain the 9 or 10-mer HTNV-Gc/Gc CTL epitopes. Moreover, we identified 30 additional peptides that could induce both CD4 + and CD8 + T-cell responses against HTNV-Gc/Gc.
Comparison of the ex vivo T-cell responses against the HTNV glycoprotein in HFRS individuals with different disease severities
After the ex vivo assessment of the T-cell responses against the HTNV-Gn/Gc, we divided the HFRS patients into two groups according to disease severity and compared their HTNV-Gn/ Gc-specific immune responses. Among the 90 patients examined, T-cell responses against HTNV-Gn/Gc were detected in 31 of the 35 (88.6%) patients in the mild/moderate group compared with 39 of the 55 (70.9%) in the severe/critical group (Fisher's exact chi-square test, P = 0.068). Importantly, although the breadth and magnitude of the HTNV-Gn/Gc-specific Tcell responses varied considerably among HFRS individuals, a comparison of the two groups (31 mild/moderate and 39 severe/critical) revealed a total SFC count (the sum of all responses to peptide pools), as an index of the total reactivity against HTNV-Gn/Gc, ranging from 135 to 4,911/10 6 PBMCs (median 881) for subjects in the mild/moderate group, was significantly higher than that observed for patients in the severe/critical group, with values ranging from 95 to 2,370/10 6 PBMCs (median 500) (P = 0.0068) (Fig 3A) . Although the broad distribution of responses was similar in both groups, higher numbers of recognized HTNV-Gn/Gc peptides were observed in the mild/moderate group (mean 10; range 1-25) compared with severe/critical patients, who showed a relatively narrower repertoire directed against a smaller number of HTNV-Gn/Gc epitopes (mean 5; range 1-18) (P = 0.0010) (Fig 3B) . We next analyzed the correlation between magnitude and breadth of the response specific to HTNV-Gn/Gc and found there was a positive association between the number of epitopes recognized and the total SFC/ 10 6 PBMCs of the T-cell responses specific to HTNV-Gn/Gc epitope pools in HFRS patients (P<0.0001, r = 0.482) (Fig 3C) . Moreover, when dividing the patients into four subgroups according to the total SFC count (/10 6 PBMCs) including SFC 0-500, SFC 501-1000, SFC 1001-2000 and SFC greater than 2000, the comparison of the recognized epitope number showed a similar tendency that more epitopes are recognized in subjects with mild/moderate disease than that in severe/critical patients in each subgroup, especially in the subgroup with SFC 0-500 (P = 0.007) (Fig 3D) . Therefore, this higher reactivity, including broader and stronger Tcell responses, was associated with mild rather than severe disease outcomes of HFRS. Consistent with the total T-cell response pattern against HTNV-Gn/Gc, (P = 0.027 and P = 0.032 for CD4 + and CD8 + T-cell responses, respectively) (Fig 3E-3F) . In Th1 and ThGranzyme B + Cell Immunity against Hantaan Virus two ends of the patients' spectrum was more marked (P = 0.0012) than that between the two combined groups (P = 0.0068). Collectively, HTNV-Gn/Gc could elicit robust T-cell immunity with extended epitopic breadth of Gn/Gc specificity. However, in contrast to subjects with mild/moderate HFRS, the responses in patients with severe/critical severity showed narrower antigenic repertoire and much weaker responses against HTNV-Gn/Gc, indicating that HTNV-Gn/Gc-specific T-cell responses would be functional against the HTNV infection during HFRS.
HTNV exposure results in cytokine production in polyfunctional glycoprotein-specific CD4 + T cells in HFRS patients In a previous study, we showed that upon HTNV infection, the direct onset of viremia was observed and higher levels of HTNV RNA load in the plasma of the HFRS patients was obviously correlated with much more severe HFRS, suggesting that the plasma HTNV RNA load could be used as a prognostic marker and predictor of the disease severity in HFRS [34] . The further analysis revealed highly significant associations between the higher frequencies of IFN- In addition, because the increased capillary permeability of the acute renal injury and thrombocytopenia are hallmarks in the course of HFRS, the serum creatinine levels and the platelet counts in HFRS patients typically provide a better prediction of disease severity [35] . Notably, we observed inverse correlations between the frequency of IFN-γ or granzyme B-secreting To better assess the effect of viral control through HTNV-Gn/Gc-specific CD4 + T cells in HFRS patients, we carefully examined the kinetics of the frequency of IFN-γ-secreting CD4 + T cells, the plasma HTNV RNA load, and the serum creatinine levels during the course of HFRS in patients with different disease severities. Consistent with previous studies, a rapid decrease in the plasma viral load from the febrile to convalescence stage was observed in both mild/ moderate and severe/critical patients. This trend was coincident with a reduction in the frequency of IFN-γ secreting CD4 + T cells and the levels of serum creatinine ( Fig 5E) . However, the levels of these three parameters were distinct at the febrile stage in the two HFRS groups. In mild/moderate patients, the frequency of IFN-γ-secreting CD4 + T cells was obviously higher than that in severe/critical patients, whereas both the plasma viral load and serum creatinine Moreover, we also observed that the percentages of cytotoxicity in mild/moderate group seems to be higher than that in severe/critical group at effector-to-target cell ratio of 200:1 (P = 0.0002), 100:1(P = 0.0002) and 50:1 (P = 0.0229) (Fig 6B) . The cytotoxic capacity of each patient was showed in S7 Fig (n = 7 for mild/moderate and n = 9 for severe/critical patients).
Collectively, these results suggested that ThGzmB + cell subset might participate in the immune response against HTNV infection through the production of granzyme B and cell-mediated cytolytic function during the early stages of the disease, defining a specific CD4 + T cell functional phenotype for HTNV control.
Ex vivo CD4 + T-cell expansion against HTNV glycoprotein during the acute phase predict the severity of HFRS We next assessed whether the antivirus effect of CD4 + T cells was dependent on the capacity of expansion. The CFSE staining assay showed that HTNV-Gn/Gc-specific CD4 + T-cell expansion was readily detectable in HFRS individuals at the acute phase of the disease (representative in Fig 7A and T cells at acute phase of HFRS (Fig 7D, P = 0 .0199, r = −0.5158). These data indicated that milder disease severity was associated with more vigorous HTNV-Gn/Gc-specific CD4 + T-cell expansion, whereas an impaired expansion capacity of HTNV-Gn/Gc-specific CD4 T cell), suggesting that the impaired T-cell expansion in severe/critical HFRS patients may be refractory to the specific HTNV-Gn/Gc stimulation, but not susceptible to a systemic cell death after activation.
Because the effective cytokine-secreting CD4 + T-cell response plays an important role in the control of HTNV viremia, we reasoned that the ex vivo CD4 + T-cell expansion should also correlate with the decreased HTNV RNA load. During the acute phase of the disease, the percentage of CFSE dim CD4 + T cells showed a significant inverse correlation with the maximum plasma viral load in each HFRS patient (Fig 7E ; P = 0.0435, r = −0.4556), suggesting that the acquisition of proliferative potential and capacity might be an essential character for specific CD4 + T cells in protection from HTNV infection. Previous studies have demonstrated a strong linkage between HTNV-specific CD8 + T-cell expansion and the control of HTNV infection [18] . Thus, when we analyzed the relationship of the proliferation between HTNV-Gn/Gc-specific CD4 + and CD8 + T cells, both the percentage and the MFI of the CFSE dim cells showed an expected positive correlations between CD4 + and CD8 + T cells at the initial phase of infection in HFRS patients (Fig 7F-7G ; P<0.0001, r = 0.8789 for MFI and P = 0.0002, r = 0.6051 for percentage). In fact, when we comparing the CD8 + T cells for the difference of proliferation capacity in the two groups, we found that, similar with CD4 + T cells, both the MFI and the percentage of CFSE dim CD8 + T cells were higher in milder patients than that in more severe individuals (S11 Fig, P = 0 .0087 for percentage and P = 0.0454 for MFI). Taken together, these data demonstrate a significant expansion of HTNV-Gn/Gc specific CD4 + T cells during the acute phase of HFRS, associated with the control of HTNV viremia in patients showing a milder degree of disease severity. (Fig 8C) . We also observed an abundant percentage of CD127 high CD4 + T cells in mild/moderate patients, and these cell numbers were higher than those detected in severe/ critical HFRS individuals (Fig 8E) . Thus, these findings suggested that HTNV-Gn/Gc-specific CD4 + T cells exhibiting a CCR7
-CD45RA -CD127 high effector memory phenotype might contribute to the milder severity of HFRS. Next, these cells were examined for the expression of markers associated with T cell differentiation and maturation. Fig 8D illustrates T cells), and this effect was much higher than that in mild/ moderate patients (median 7.06% of CD4 + T cells, P = 0.004). Thus, we speculated that patients exhibiting an initial differentiated phenotype of HTNV-Gn/Gc-specific CD4 + T cells during the acute phase of the disease would be exposed to higher levels of HTNV replication, resulting in more severe HFRS. In contrast, the CCR7 
Discussion
The host immune response is crucial for the control of viral infection through orchestrated activities of different components of the immune system, among which, cellular immune response greatly contributes to the outcome of virus infectious diseases. Studies of the cellular immunological features of pathogenic HTNV infection provide insight into the understanding of HFRS pathogenesis in humans. In this study, we provided, for the first time, that HTNV could induce both Th1 and ThGzmB + cell responses involving in the defense against HTNV infection; we showed that HTNV-Gn/Gc-specific CD4 + T-cell immunity with broad reactivity, polyfunctionality, expansion capacity, and effector phenotype, inversely correlated with plasma viral load and the HFRS disease outcome; we further provided evidence that HTNV-Gn/Gcspecific CD4 + T cells mediated host defense against HTNV infection maybe through the Th1 induced antiviral condition of the host cells and the cytotoxic effect of ThGzmB + cells.
As only a few CTL epitopes have been defined on HTNV-Gn/Gc in HFRS patients, T-cell epitope-based preventive HTNV vaccine studies could only benefit from a focus on previously defined CTL epitopes on HTNV-NP. This limitation prompted a search for novel protective Tcell epitopes on HTNV. In the present study, we first performed the systematic identification of CD4 + and CD8 + T-cell epitopes on HTNV-Gn/Gc. The immunodominant regions on these novel immune epitopes were subsequently analyzed and defined based on frequent observation in a number of HFRS individuals of diverse HLA backgrounds. Notably, immunodominance was precisely defined as the most frequently recognized epitope in a cohort of patients, with a strong magnitude of response relative to the total response. Although these experiments did not provide evidence that dominant HTNV-Gn/Gc-specific T cells kill or suppress virus-infected cells more efficiently than subdominant T cells, the immunodominant region and epitopes might merit special attention for the potential development of a novel vaccines that would generate or boost T-cell responses against HTNV in humans. Previous studies have suggested that NP are major targets of HTNV-specific CTL recognition in humans [14] [15] 17, 23, [36] [37] . The present ex vivo study verified that Gn/Gc, as another immunogenic protein of HTNV, could elicit specific CD4 + and CD8 + effector T-cell responses and provide obvious protection against HTNV infection. Importantly, HTNV-Gn/Gc-specific T-cell responses were not detected in 26.3% of HFRS patients. This result potentially reflects a response level below the threshold of assay detection or protection through other immune responses, such as HTNV-specific neutralizing antibody [13, 38] . In the 73.7% responding patients, a considerable variation in HTNV-Gn/Gc-specific T-cell epitope recognition patterns was observed between different individuals, including the magnitude and breadth of the responses. Indeed, functional differences in specific T-cell responses for different HTNV-Gn/Gc epitopes were observed, particularly because patients with mild/moderate HFRS always showed stronger T-cell responses compared with severe/critical patients. Moreover, we also observed a general wider breadth of T-cell epitope responses in the mild/moderate group compared with that in severe/critical patients, although there is no statistical difference in the number of recognized epitopes between milder and more severe patients in some subgroups with different total SFC, which may be due to the small sample sizes after subdivision in each subgroup. The differential epitope recognition might reflect host genetic differences and exposure to region-specific or unrelated pathogens [39] . Therefore, we speculated that the successful induction of T-cell responses with high magnitude and increased breadth in response to HTNV-Gn/Gc-specific Tcell epitopes might be crucial for protection against HTNV infection, consistent with the fact that HTNV-NP-specific CTLs are important for controlling viremia and disease progression in HTNV infection [18, 20] . Thus, the epitopes identified herein provide the foundation for an evaluation of the role of HTNV-Gn/Gc-specific T cells in protection from HTNV infections in humans.
The main goal of this study was to determine how HTNV-Gn/Gc-specific T-cell responses eliminate virus replication in HFRS patients. However, the lack of patient blood samples prevented a detailed analysis of the 8 to 10-mer CTL epitopes and associated responses to HTNV-Gn/Gc. Therefore, we focused on the potential mechanisms of CD4 + T-cell responses in controlling HTNV infections. The data showed that HTNV-Gn/Gc-specific CD4 + T cells primarily produce Th1 cytokines and specific cytotoxic mediators, suggesting that the high Th1 and ThGranzyme B + Cell Immunity against Hantaan Virus production of antiviral cytokines is a critical characteristic of effective T-cell immunity for the suppression of virus replication and elimination of virus-infected host cells. Moreover, HTNV-Gn/Gc-specific CD4 + T cells also displayed a high degree of polyfunctionality, simultaneously secreting IFN-γ, TNF-α or IL-2. IFN-γ has been implicated in immune regulatory and direct antiviral activities [40] . The rapid production of IFN-γ and other cytokines are important components of the T cell response against viral infections [41] . Therefore, the induction these multifunctional Th1 populations might greatly enhance the anti-HTNV immunity, associated with superior protection efficacy [42] [43] . Notably, the production of Th1 cytokines is directly correlated with the IFN-γ-secreting CD8 + T-cell response against HTNV-Gn/Gc, strongly suggesting that there are robust cellular responses induced by acute HTNV infection. The activities of Th1 cytokine-producing CD4 + T cells may provide further benefits for expansion or function of other effector cells. However, the solid helper function of CD4 + T cells needs to be investigated in the future study [29] . In addition to exhibiting adequate Th1 activities, a proportion of CD4 + T cells exhibit cytotoxicity in terms of granzyme B and perforin production and the upregulation of CD107a expression upon recognition of HTNV-Gn/Gc. It has been confirmed in several studies that some CD4 + T cells with cytotoxic potential were specifically induced at the site of infection during virus infection and implicated in the killing of virus-infected cells [32] [33] [44] [45] [46] , and the IL-2 signaling, low antigen dose, as well as OX40 and 4-1BB stimulation may promote the development of CD4 + T cells with cytotoxic potential [47] [48] [49] .
The earlier research on SNV has demonstrated that the establishment of CD4 + CTL clone could lyse autologous target cells pulsed with nucleoprotein peptide [14] . Importantly, the cytolytic capacity of HTNV-Gn/Gc-specific granzyme B-producing CD4 + T cells in killing the HTNV-Gn/Gc peptides pulsed autologous B-LCLs was also observed in our experiment, with the stronger cytotoxicity percentage in much milder patients, indicating that HTNV-Gn/Gcspecific effector CD4 + T cells against HTNV infection in HFRS patients were comprised of polyfunctional Th1 cells and cytotoxic ThGzmB + cells. Although few IFN-γ + granzyme B + double positive cells was visualized in each CD4 + T-cell population specific to HTNV-Gn/Gn, which was similar with the findings reported in the study of Leishmania [50] , many other studies showed the virus-specific IFN-γ + CD4 + T cells also expressed granzyme B or CD107a [51] [52] . Although some researchers considered the cell-mediated cytotoxic CD4 + T cells as a functional distinct "ThCTL" subset [32, 53] , it still can hardly consider that granzyme B is totally lost from the IFN-γ-secreting cells. In addition, the substantial protective effect of HTNV-Gn/ Gc-specific CD4 + T cells is also demonstrated through the inverse correlation between cytokine-producing CD4 + T cells and the HTNV RNA load during the early phase of the disease or the apparently higher cytokine production in mild/moderate patients compared with severe/ critical individuals. Furthermore, we observed CD4 + T cell-mediated control of HTNV replication during early, but not late infection, as both IFN-γ secretion from CD4 + T cells and peak HTNV viremia were observed during the febrile stage, followed by a gradual decrease throughout the follow-up period of the disease. Thus, the observed viremia kinetics likely reflects the putative direct antiviral effect of cytokine-producing CD4 + T cells.
Another important observation of this study is the marked increase in CD4 + T-cell activation and proliferation soon after HTNV infection in HFRS patients. First, the expansion of HTNV-Gn/Gc-specific CD4 + T cells during early stage HFRS is highly associated with disease outcome. The lower percentage and higher MFI of the CFSE dim cells in both CD4 + and CD8 + T cells always observed in the patients with more severe HFRS, indicating there may be deficient proliferative capacity of T cells in severe/critical patients. Second, the levels of proliferating HTNV-Gn/Gc-specific CD4 + T cells in circulation are directly correlated with the capacity of HTNV-Gn/Gc-specific CD8 + T-cell expansion and inversely correlated with plasma HTNV viremia of the patients, suggesting that the proliferation of specific CD4 + T cells in response to
Th1 and ThGranzyme B + Cell Immunity against Hantaan Virus HTNV-Gn/Gc exert direct antiviral effects during HFRS. Importantly, the finding that polyclonal antibody stimulation induced great proliferative ability of T cells was stronger than the poor capacity of expansion stimulated with HTNV-Gn/Gc peptides indicated that the decrease of T-cell proliferation from the more ill individuals are refractory to HTNV-Gn/Gc, but not a systematic deficit. We may partially find the reason for this antigen-specific decline in T-cell proliferation from the different expression of inhibitory receptors on T cells during HTNV infection. Numerous studies have examined the role of PD-1, an ITIM-containing inhibitory receptor expressed on activated T cells, and found that PD-1 on the cell cycle could lead to inhibition of T-cell expansion [54] [55] . In the present study, we demonstrated that HTNV infection might differentially affect the expression of PD-1 on CD4 + T cells. The upregulation of PD-1 expression on HTNV-Gn/Gc-specific CD4 + T cells and the dysfunctional and senescent phenotype (CD127 lo CD57 hi ) are more likely presented in patients with much severe HFRS. Notably, CD57 expression on T lymphocytes has been recognized as a marker of in vitro replicative senescence for measuring functional immune deficiency in patients with infectious diseases [56] , and the upregulation of inhibitory receptors on T cells is an important mechanism of T-cell dysfunction during chronic viral infections [57] . Therefore, it is hypothesized that the higher PD-1 expressing CD4 + T cells may account for the impairment of T-cell proliferative in more severe patients or lack of T-cell assistance during the earliest stages of infection, which determines whether CTL effectors develop into T EM cells conferring immune protection. However, whether the ligands for PD-1 are highly expressed in HTNV-infected cells need to be further studied. Active lymphocytes in different subsets could express distinct panels of lymphocyte homing receptors, reflecting differences in homing potential [58] . The early immune activation typically stimulates the production of critical T EM cells and maintains the levels of T-cell differentiation and effector compartments [59] . Several studies have shown that naïve T cells and T CM express CCR7, a lymph node homing receptor, for homing to secondary lymphoid organs, in which these cells proliferate and rapidly differentiate into effector cells upon encountering corresponding virus antigen [60] . Whereas, the loss of CCR7 expression on T EM might generate a tissue-homing phenotype, leading to effector cell function against viruses in peripheral tissues [60] [61] . Jang et al. recently showed that a predominant expansion of an activated HCV-specific CCR7 -CTL could be observed in acute resolving HCV-infected patients, whereas HCV-specific CCR7 + CTLs were consistently observed in patients with persistent infections [62] [63] . In particular, HFRS individuals with high plasma viral load during early stage might induce CD4 + T CM cells to differentiate into T EM cells to overcome viral replication, leading to decreased viremia, reduced T CM cell numbers, and much milder disease outcomes. In contrast, a partial defects or low differentiation leading to the dominant CD4 + T CM subpopulation exhibiting unsatisfactory control of the viral load upon the HTNV infection might be associated with much severe HFRS. As IFN-γ or granzyme B-producing CD4 + T cells also showed T EM phenotypes, it is tempting to hypothesize that CD4 + T EM cells lack CCR7 expression, which likely migrate to peripheral sites in the body and exert antiviral activity through the production of antiviral cytokines during the early phase of HTNV infection. Thus, the relative proportion of HTNV-Gn/Gc-specific CD4 + T cells characterized by the ability to function as fully differentiated effectors (CD28 -CD27 -), acquisition of an effector tissue-homing membrane phenotype (CD45RA -CCR7 -) and expression of high levels of IFN-γ or granzyme B, exhibit great effector performance and might be principally involved in determining the disease outcome of HFRS. These findings suggest that the CD4 + T EM cell subset likely serve as major effector cells against HTNV infection.
Th1 and ThGranzyme B
Another intriguing finding is that the expression of CD127 is downregulated on CD4 + T cells in severe or critical patients. CD127 is known highly expressed on T cells and is considered as a marker for memory precursor CD8 + T cells during viral infection [64] . Similar with our finding, Shin et al. have reported that the percentage of hepatitis C virus-specific CD127 + T cells remained low in chimpanzees with chronically evolving hepatitis, indicating that the early expression of CD127 on T cells could predict the outcome of acute infection [65] . Furthermore, CD127 is the α chain of interleukin 7 receptor (IL-7Rα). IL-7 has been identified as a major homeostatic cytokine for mature T cell and is produced at constitutive levels by stromal cells resident in various organs, as well as by thymic and intestinal epithelial cells and fibroblastic reticular cells at T cell zone of lymph nodes [66] [67] . It has been demonstrated that CD127 expression is downregulated from the cell surface upon IL-7 stimulation [68] . For example, in HIV infection, systemic levels of IL-7 are increased, whereas the decreased expression of CD127 is demonstrable on both CD4 + and CD8 + T cells [69] [70] . Moreover, recent study on HIV infection also showed that both IL-1β and IL-6 could decrease RNA levels and T-cell surface expression of CD127, especially on CD4 + T cells [71] . Based on this finding, we can speculate that the lower expression of CD127 on the CD4 + T cells may be caused by the higher levels of proinflammatory cytokines in much more severe HFRS patients, because that the significant higher levels of IL-6 and IL-8 have been observed in more severe patients than in milder HFRS cases [72] . However, whether the decreased expression of CD127 on CD4 + T cells in more severe patients is induced by the more IL-7 secretion during HFRS needs to be investigated in our future study. The presence of T-cell response against HTNV infection in HFRS patients but with different clinical outcomes reveals that there may be a relationship between the role of cellular immune response in controlling HTNV infection and the mechanisms of HTNV to inhibit this response. The host-virus relationship is a dynamic process in which the virus tries to decrease its visibility, whereas the host attempts to prevent and eradicate infection [73] . On the one hand, vigorous CD4 + and CD8 + T-cell responses emerge in many acute virus infections. Similar with our findings, the HCV clearance has been observed and correlated with specific CD4 + T-cells responses, and the early priming of the CD4 + T-cell response is required for viral clearance [74] , suggesting that the stronger immune responses were necessary for control of the infection better in the milder patients. On the other hand, virus infection also affects CD4 + T-cell responses. Recent findings showed that HCV is able to impair the cellular immune response by developing escape mutations in T-cell epitope recognition sites and inducing specific CTL anergy and deletion [75] . Besides, costimulatory molecules modulation, apoptosis induction and chemokine regulation have also been confirmed as major mechanisms of HCV to inhibit immune control [75] . Based on these, our finding that the higher expression of inhibitory molecule PD-1 on CD4 + T cells might be one of the mechanisms mediated by the HTNV to impair the immune responses, which may lead to dysfunction of specific CD4 + T-cell response and much more severe disease. In fact, besides the functional CD4 + T cells we detected in peripheral blood of HFRS patients, the CD4 + T cells are also involved in localized immune responses in tissue [76] . The pathogen activated endothelium could direct localized immune cell adherence [77] . In PUUV-infected patients, the kidney biopsies showed interstitial infiltration of lymphocytes [78] , and lung biopsies showed an increase in submucosal CD4 + T cells [79] . Studies of fatal HPS cases also revealed mononuclear cell infiltrates in pulmonary tissue consisting largely of CD4 + and CD8 + T cells [80] , indicating a local immune response in terms of activated T lymphocytes. Therefore, we could speculate that the much more effective T cells may be attracted into the local tissues in more severe patients with higher viral loads, leading to a decreased number of T cells in peripheral blood to fight against the virus infection, which may partial explain the correlation between the relative lower frequency of peripheral CD4 + T cells and the deficit function of the CD4 + T cells in severe or critical patients.
In summary, HTNV-Gn/Gc could induce the specific CD4 + T-cell response characterized by a broader antigenic repertoire, stronger capacity of cytotoxicity and proliferation, higher frequency of cytokine secretion and fully differentiated effector memory cell phenotype, and would elicit greater defense against HTNV infection, likely through the induction of antiviral conditions in host cells and the cell-mediated cytotoxic effects of ThGzmB + cells. These findings provide insights into the mechanism of HTNV-Gn/Gc-specific CD4 + T cells in developing an efficient anti-HTNV response in HFRS patients, thereby increasing the current understanding of the relationship between HTNV and the host immune system and evoking strong interest for further studies of T-cell immunity in HTNV infection to guide the development of future clinical therapies. However, some data we presented here are limited to the correlative analysis. In future studies, we will try to sample the sites of HTNV infection specifically and use the CD4-depletion animal models to validate the indispensability of CD4 + T-cell immunity in protection from HTNV infection. Furthermore, whether CD4 + T cells facilitate B cell differentiation and antibody production, particularly neutralizing antibodies against HTNV infection should also be considered next.
Materials and Methods
Ethics statement
Written informed consent was obtained from each HFRS patient or their guardians under a protocol approved by the Institutional Review Board of the Tangdu Hospital and the Fourth Military Medical University. The research involving human materials was also approved by the Ethical Review Board of the University, and the related information was used anonymously.
Participants
A total of 95 HFRS patients infected with HTNV were enrolled in the study at Department of Infectious Diseases at the Tangdu Hospital of the Fourth Military Medical University (Xi'an, China). HTNV infection was confirmed via serological testing of immunoglobulin M (IgM) and IgG in serum specimens. According to the diagnostic criteria from the Prevention and Treatment Strategy of HFRS promulgated by the Ministry of Health, People's Republic of China, the patients were classified into four clinical types [20] . Mild HFRS was defined as mild renal failure without an obvious oliguric stage and moderate for obvious symptoms of uremia, effusion (bulbar conjunctiva), hemorrhage (skin and mucous membrane), and renal failure with a typical oliguric stage. While patients with severe uremia, effusion (bulbar conjunctiva and either peritoneum or pleura), hemorrhage (skin and mucous membrane), and renal failure with oliguria (urine output, 50-500 mL/day) for 5 days or anuria (urine output, < 50 mL/day) for 2 days were defined as severe HFRS, and critical patients were considered as those with ! 1 of the following symptoms: refractory shock, visceral hemorrhage, heart failure, pulmonary edema, brain edema, severe secondary infection, and severe renal failure with either oliguria (urine output, 50-500 mL/day) for > 5 days, anuria (urine output, < 50 mL/day) for > 2 days, or a blood urea nitrogen level of > 42.84 mmol/L. In this case, the number of patients with a severity degree of mild, moderate, severe, and critical was 11, 24, 24 and 31, respectively. To ensure the sample size in some statistical analyses, we combined the patients according to the disease severity into mild/moderate and severe/critical groups for comparison. The patients with other kidney diseases, diabetes, cardiovascular diseases, hematological diseases, autoimmune diseases, viral hepatitis, and other liver diseases were excluded in this study. According to the clinical observation, the illness could be divided into five sequential stages: febrile, hypotensive, oliguric, diuretic, and convalescent. In general, samples were collected at 3-6 days for the febrile or hypotension stage, 7-12 days for the oliguric stage, 13-18 days for the diuretic stage and after 18 days for the convalescent stage. The phase within 8 days from the fever onset to the early oliguric stage was typically defined as acute or early phase of the disease. Moreover, eight healthy volunteers were enrolled, showing anti-HTNV negative or no HTNV risk factors, constituting the negative control group.
Sample collection
Peripheral blood samples at different stages of HFRS were collected from each patient during hospitalization. The plasma samples of each patient were collected from heparinized whole blood before the PBMCs isolation. PBMCs were isolated using a standard Ficoll-Hypaque (Sigma-Aldrich, MO) density gradient centrifugation, and these cells were used in the following assays. The values for the clinical parameters, including platelet counts and serum creatinine levels, were regularly recorded during the hospitalization of each patient.
Determination of plasma viral RNA
The Taqman RT-PCR assay to determine HTNV viral load was performed as previously described [34] . Briefly, viral RNA was extracted from the plasma samples of HFRS patients and the real-time RT-PCR assay was conducted. The primers and probe were designed based on the sequence alignment of the S segment of the HTNV standard strain 76-118 (NC_005218) and two hantaan virus strains, A16 (AF288646.1) and 84FLi (AY017064) obtained from Shaanxi Province. The copies of HTNV viral RNA load were log-transformed to calculate the viral load.
Synthesis of peptides
A total of 281 15-mer peptides over-lapping 11 amino acids spanning the entire 1132 amino acid of Gn/Gc sequence of HTNV 76-118 strain (GenBank accession number: P08668.1), referred to as G1 to G281 according to the N-to C-terminal sequence, were synthesized (CL Bioscientific, Xi'an, China) and clustered into 28 pools of 10 contiguous peptides (pools 1-28, pool 28 contained 11 peptides). Each pool covered a sequence of 51 amino acids, except pool 28, which covered sequences of 55 amino acids. All peptides were synthesized with greater than 90% purity as determined through high-performance liquid chromatography and resuspended in a sterile DMSO phosphate-buffered saline (PBS) solution at 1 mM.
Ex vivo IFN-γ and granzyme B enzyme-linked immunospot (ELISPOT) assays
The identification of the HTNV-Gn/Gc specific T-cell epitopes was performed using the IFN-γ ELISPOT assay (Mabtech, Büro Deutschland, Germany) as previously described [20] . Briefly, the 28 peptide pools were firstly used to stimulate the PBMCs of HFRS patients. Subsequently, the positive response peptide pools were divided into single 15-mer peptides and used as stimuli in a second round of ex vivo ELISPOT assays to identify the single-positive responsed 15-mer peptides. The confirmed positive peptide was subsequently characterized through CD8 depletion of PBMCs using anti-CD8-coated Dynal beads (Invitrogen Dynal AS, Oslo, Norway). CD8 
Intracellular cytokine staining and CD107a degranulation assay
Two million freshly isolated PBMCs from each HFRS patient were stimulated for 6h with HTNV-Gn/Gc peptide pools (5 μM for each peptide) in the presence of 1 μg/ml costimulatory molecules anti-CD49d (clone 9F10) and anti-CD28 (clone CD28.2) (Biolegend), as previously described [18] . For the detection of degranulation responses to antigen stimulation, the antibody CD107a-PE (BD Pharmingen) was added to the wells during the stimulation. Cells stimulated with phorbol myristate acetate (PMA, 0.1 μg/ml, Sigma-Aldrich, St. Louis, MO)-ionomycin (0.05 μg/ml, Sigma-Aldrich, St. Louis, MO) or medium alone were used as positive or negative controls, respectively. Brefeldin A (10 μg/ml; Sigma-Aldrich, St. Louis, MO) and monensin (Golgistop, 0.7 μl/ml; BD Biosciences, San Jose, CA) were added to the culture and incubated for 4 h. After washing, the PBMCs were stained with antibodies against the surface markers, in different combinations, including CD3-PE,-APC, CD4-FITC,-PE, CD45RA-APC, CCR7-PerCP-Cy5.5, CD127-FITC, CD27-FITC, CD28-PerCP-Cy5.5, CD38-PerCP-Cy5.5, CD57-PE and CD279 (PD-1)-PerCP-Cy5.5 (BD Pharmingen) for 20 minutes at 4°C, followed by washing, fixation and permeabilization with a permeabilization buffer (BD Biosciences, San Jose, CA). The cells were subsequently stained with antibodies against intracellular markers, including IFN-γ-APC or-PE, TNF-α-PE, IL-4-PE, IL-2-FITC, granzyme B-FITC and perforin-APC (BD Pharmingen), for 15 minutes at room temperature, followed by washing, and acquisition using a FACSCalibur flow cytometer (Becton Dickinson). A total of 300,000 events per sample from the lymphocyte gate were collected for each analysis.
Cell-mediated cytotoxicity assay Fifty microliters of the substrate mixture was added to each well, followed by incubation at room temperature for 30 minutes in the dark. Subsequently, 50μL of the stop solution was added to each well, and absorbance was measured at 490 nm with ELISA reader (Bio-Rad, iMark, USA).
Cytotoxicity was calculated using the following formula:
%Cytotoxicity ¼½ðExperimental À Effector Spontaneous À Target SpontaneousÞ=ðTarget Maximum À Target SpontaneousÞ Â 100
Ex vivo proliferation assay
The CFSE-labeled proliferation assay was performed as previously described [18] . Briefly, 2 × 10 7 /ml PBMCs were labeled with 10 μM 5, 6-carboxyfluorescein succinimidyl ester (CFSE, Molecular Probes, OR) at 37°C for 15 min, terminated upon the addition of fetal bovine serum and stimulated with HTNV-Gn/Gc peptide pools (5 μM). Staphylococcal enterotoxin B (SEB, 200 ng/ml, Sigma-Aldrich, MO, USA) or anti-human CD3 (Biolegend) stimulation of PBMCs served as positive controls. After 2 days, 10% exogenous IL-2 was added. After 7 days, the cells were harvested and stained with the CD3-PE or-APC (clone HIT3a), CD8-PerCP-Cy5.5 (clone RPA-T8) and CD4-APC or-PE (clone OKT4) mAbs (BD Pharmingen). Approximately 300,000 cells were acquired using a FACSCalibur (BD Immunocytometry Systems, California). 
Flow cytometric analysis
Statistical analysis
Statistical analyses and graphing were performed using SPSS 16.0 (SPSS Inc., Chicago, IL, USA) and Prism software, version 5.0 (Graphpad; La Jolla, CA). The frequency of the CD4 + T cells and the cytokines secreted was presented as median and range values. The Wilcoxon rank sum test was used for parameter comparison between the two subject groups. For the comparison of paired design groups, the Wilcoxon's signed rank test was applied. Spearman's rank was used as the nonparametric test for correlations between continuous variables. A two-tailed P value below 0.05 (P 0.05) was considered statistically significant.
Accession numbers
HTNV 76-118 strain glycoprotein GenBank accession number: P08668.1; Hantaviruses used in this study: HTNV strain 76-118 (NC_005218), HTNV strain A16 (AF288646.1) and HTNV strain 84FLi (AY017064).
Supporting Information S1 Table. T-cell responses to Hantaan virus glycoprotein peptide pools in hemorrhagic fever with renal syndrome patients. 
